ABSTRACT An estimate has been made of the prevalence of unrecognised pneumoconiosis in former crocidolite workers from Wittenoom, Western Australia. All 
A single company operated the Wittenoom crocidolite mine and mill in the Pilbara region of Western Australia between 1943 and 1966. The employment records of the company identifying nearly 7000 workers have been retained and form the basis of a continuing study of the workforce.' The mine and mill at Wittenoom operated under conditions of poor industral hygiene that exposed workers to high concentrations of asbestos fibres in inhaled air.2 I By 1978, 220 cases of asbestosis were known to have occurred and 65% of men who worked in areas classified as "high" exposure for more than five years had received compensation for pneumoconiosis.1A description of claim established pneumoconiosis has been given else- where.5
The objective of this study was the estimation of the current prevalence of radiographic pneumoconiosis among former workers at Wittenoom who have not made a claim for compensation. The study is based on the examination of plain chest Accepted 4 November 1985 radiographs from three sources for a one in six random sample of men from the workforce. Compulsory radiographic examination of workers in the mining industry for pneumoconiosis, an active tuberculosis control programme, doctors' referrals or voluntary presentation for free chest radiographs, and a policy of indefinite preservation of x ray films has led to an invaluable collection of films on many former Wittenoom workers at the Perth Chest Clinic, the first source. Some workers presenting for a variety of reasons after leaving the industry had had chest x ray films retained at Perth teaching hospitals, the second source. Radiographs from these sources were accepted regardless of the reasons for their having been taken. A third set of films was obtained by inviting a random subsample of 100 men from the original sample to attend for an up to date plain chest radiograph. The data from the retrospectively collected radiographs have been used with this current sample to provide a more precise estimate of the prevalence of radiographic abnormality than would otherwise have been possible.
Prevalence of radiographic asbestosis in crocidolite miners and millers at Wittenoom, Western Australia 451 Subjects A random sample of 1025 former Wittenoom male workers who had not previously applied for compensation was selected. The total known population of former workers was 6916, of whom 354 had applied for compensation; a further 411 were women. The remainder were sampled in the ratio 1:6 regardless of whether they had been traced to Western Australia after finishing work or were known to be still alive.
Plain chest radiographs for these men were sought from the Perth Chest Clinic and Perth teaching hospitals. Radiographs relating to 831 men were recovered from the clinic and to 117 men from the hospitals. Eighty nine subjects had radiographs from both sources. When more than one radiograph taken after the beginning of employment was available from either source the most recent radiograph was chosen for review, one radiograph for each of a total of 859 men.
Additionally, a random sample of 100 men from those men in the whole sample who had previously been contacted within the Perth metropolitan area as part of the continuing study of the total workforce' were invited to attend the Perth Chest Clinic for a further plain chest radiograph. After a maximum of two letters and two telephone calls, 74 of these men attended for examination.
Methods

CLASSIFICATION OF RADIOGRAPHS
All radiographs were classified independently by two observers (AWM and JJG) according to the 1980 ILO Classification of Radiographs of Pneumoconioses. 6 The radiographs of the men invited to attend for examination were randomly mixed with normal and abnormal films from other sources. All radiographs were read without knowledge of exposure details. Agreement between the two readers was tested by Kendall's Radiographic abnormality was taken to be profusion of small opacities on the radiograph of ILO category 1/0 or greater. The relation of this outcome with variables that could have had a predictive effect was first examined in two and three way tables. The variables considered were: age at radiograph (ten year age groups from 15-24 to 65 and over); time since first exposure to asbestos at Wittenoom (not exposed, less than one year, one to four years, then five year intervals to 20 or more years); total cumulative exposure to asbestos up to time of the radiograph (less than three, three to less than four, four or more loge f/cc y); year of starting work (1943-50, 1951-7, 1958-66) ; duration of exposure to asbestos at time of radiograph (0, 1-91, 92-182, 183-365, 366-1821, 1822 or more days); and principal work site at Wittenoom (mill, elsewhere). An additional binary variable was included to indicate the source from which the radiograph was obtained (Perth Chest Clinic, teaching hospitals).
A logistic model was the most straightforward to apply to these data because of the binary outcome defined above. Unconditional logistic regression analysis' l' was used. Variables were first included in the model in the categories detailed above. If the log relative risks obtained for different categories of variable (the coefficients from the model) showed a linear or other uniform relation with the variable itself it was then included in the model as a continuous rather than a categorical variable with or without transformation as indicated by the shape of the relation.
Age at radiograph and time between first exposure to asbestos and the radiograph were jointly modelled first because they would be expected to be the most strongly related to the prevalence of radiographic abnormality and the most different between retrospectively collected and current radiographs. The Cookson, de Klerk, Musk, Armstrong, Glancy, and Hobbs remaining variables (except source of radiographs), which all related to exposure at work, could only reasonably be modelled as interaction terms with time since first exposure when this variable was already in the model. To do otherwise would imply that exposure could have had some effect on these men before they were first exposed. For the sake of conceptual simplicity these additional variables were only fitted in categories. Thus the interactions appear as separate terms for time since first exposure in each of these categories.
To allow for, and possibly remove, the effects of misclassification of radiographs on the parameter estimates, 12 only those subjects in whom both observers agreed on the presence or absence of radiographic abnormality were included for model fitting.
CONFIRMATION OF PREDICTIVE MODEL WITH CURRENT RADIOGRAPHS
The predictive capability of the final model based on retrospectively collected radiographs was tested on the sample with current radiographs by assigning each person the probability (or risk) of having a radiographic abnormality derived from the model by use of their values of the appropriate variables in the model. The sum of these probabilities then gave the expected number of prevalent cases. This was compared with the observed number of cases based on those in which both observers agreed on presence or absence of radiographic abnormality. A formal goodness of fit test was undertaken by use of the Hg Statistic of Hosmer and Lemeshow. '3 This test involves splitting up the 0-1 risk interval into g (usually equally spaced) groups, calculating expected numbers of "cases" and "non-cases" as just described, and then computing the sum over all g groups of (observed-expected)2/expected, which, if the model is a good fit, should follow a X2g-2 distribution and may be tested accordingly.
The possibility of improvement in the fit of this model to the current sample was examined by further stepwise regression analysis,'0 including as possible explanatory variables the risk score defined above, all variables examined in the derivation of the retrospective model, and the additionally collected smoking data (categorised as "never" or "ever" smoked). If other variables improved the fit of the model or replaced the risk score in the model the suitability of the model based on retrospectively collected radiographs to the current sample would be in doubt. Similarly if the model with only the risk score included had a constant term different from zero or a regression coefficient different from one, the model suitability would again be in doubt.
ESTIMATION OF CURRENT PREVALENCE OF RADIOGRAPHIC ABNORMALITY
Provided that the above criteria for suitability of the retrospectively derived model to the sample of subjects with current radiographs were satisfied, then the individual risk for each male former Wittenoom worker could be calculated for any particular point in time and the mean risk for all workers would provide an estimate of prevalence of pneumoconiosis at that time. The standard error of this estimate, taking account of the standard errors of the model coefficients,'4 was easily derived (see appendix). This could only reasonably be made as late as 31 December 1980 because searching of the names of all former workers in Australian death registers and electoral rolls has been completed to this date. Extrapolation to later years would be inappropriate because of the unknown change in the population after this date and also because of the unknown effect this change would have on the mean risk and hence the prevalence rate.
Because of substantial incompleteness of follow up, minimum and maximum estimates of prevalence have been made. The first is based on all men known to be alive and living in Australia on 31 December 1980 and the second is based on all men not known to have died or permanently emigrated from Australia by 31 December 1980. Both estimates have excluded all men making a claim for compensation for asbestosis before this date.
Results
One or more radiographs were retrieved from the Perth Chest Clinic and the teaching hospitals for 859 subjects (84%). Of these subjects, 541 had radiographs taken after the date of first employment. Thus 52% of the original sample had postemployment radiographs that could be used to draw conclusions about the current prevalence of radiographic abnormality. The other 318 subjects with radiographs formed a comparison group with no known exposure to crocidolite at Wittenoom at the time of their radiographs. Table 1 shows the demographic and employment related characteristics of the subjects, according to their response status. There are significant differences between those with postemployment radiographs and those with only pre-employment radiographs in their duration of employment and total cumulative exposure to asbestos, in the proportions of subjects who were employed in the mill, and in their cumulative exposure up to the date of the radiograph, age at the date of the radiograph, duration of employment to the date of the radiograph, and number with radiographs retrieved from teaching hospitals. Comparisons between those with no radiographs found Prevalence of radiographic asbestosis in crocidolite miners and millers at Wittenoom, Western Australia There is a clear increase in the prevalence of radiographic abnormality both with age at the time of the radiograph from (0% at age 15-24 to 22-2% at age 65 and over), and years since first exposed (from 1-6% with no exposure to 26-6% more than 20 years after first exposure) ( starting work. The variable used to indicate the was somewhat arbitrary; however, it gave a better fit source of the radiograph gave p = 0-102 with a than two years or no years. reduced prevalence of pneumoconiosis among radioThe characteristics of the subjects invited for a curgraphs retrieved from the hospitals. rent radiographic examination (table 5) show no Actual prevalence proportions and those predicted major differences between responders and nonby the model using the mean ages within each time responders. There was slightly better agreement since first exposed group as shown on table 1 and between observers for these subjects (Kendall's tau = approximate median times since first exposed in the 0 58). There was complete agreement on presence of same groups are shown in fig 1. The only large radiographic abnormality in 10 subjects and its difference between the actual and the predicted preva-absence in 50 with disagreement in 14. Observed and lence was in the high exposure group at 15-20 years predicted numbers of abnormal radiographs (conbut this observed prevalence is based on only five sub-sensus films) in the sample are tabulated in table 6, jects. Thus this logistic model appears to fit the data against categories of predicted individual risk of reasonably well. Two important points, however, abnormality calculated from the coefficients of table should be noted; firstly, the model predicts some 4. Observed prevalence of abnormality increased with abnormality for those subjects without asbestos increasing predicted risk and the Hg statistic of Hosexposure (3*4% at, for example, age 55) just as there mer and Lemeshow was 0 90 (0 5 > p > 0 25) indiwas some abnormality observed in those subjects with cating a good fit of the predicted to observed numradiographs taken at or before starting work and, sec-bers. A stepwise logistic regression for these ondly, the choice of 364 days as a type of latent period consensus films showed that no variable (including smoking) significantly (p < 0-17) improved the fit beyond that given by the previously obtained risk score alone. The regression coefficient for the risk score and the constant term were 1 60 and 0-73 respectively with standard errors of 0-91 and 1-31.
The first population, consisting of 2748 men known to be alive on 31 December 1980, had a mean log risk of -1-630 with a standard error of 0-020. This translates into an estimate of current prevalence of radiographic abnormality of 16-4% with 95% confidence interval 15-9%-16-9%, or about 450 men. The second population, consisting of 5241 men not known to be dead or permanently departed from Australia, had a mean log risk of -1-621 with a standard error of 0-014. This gives an estimate of current prevalence of radiographic abnormality of 16-5% with 95% confidence interval 16-1%-16-9%, or about 865 men.
The true population of former Wittenoom workers IMean.
lies somewhere between these two figures and so it is estimated that there were between 450 and 900 with apparently unrecognised radiographic abnormality at the end of 1980.
Discussion
The approach taken in this study has a number of advantages. Firstly, it relied greatly on extant radiographic data, thus simplifying data collection; the logistical problems in doing an Australia wide survey would have been prohibitive. Secondly, the volume of existing data available for modelling the determinants of radiographic abnormality permitted a precise prevalence estimate. Thirdly, incorporating the data from the men who had only pre-employment films pro- Cookson, de Kierk, Musk, Armstrong, Glancy, and Hobbs vided some estimate of the prevalence of radiographic abnormality that could have been due to factors other than exposure to asbestos at Wittenoom.
The principal weakness of the qtudy is the possibility of bias, particularly in the retrospectively collected data. Postemployment radiographs could be located for only 52% of the sample and in those that could be located there was an inevitable association between availability, age, and time since first exposure. In addition, the proportion of teaching hospital radiographs increased with the passage of time and is likely to be biased by the ill health of the subject. Similarly, Perth Chest Clinic radiographs may be biased towards health because of the requirements for continuing (and presumably, therefore, comparatively healthy) miners to have periodic chest x rays. As for the current sample, it is possible that those living near Perth and included in the sampling frame were not representative of all former workers. It could be that people who feel unwell are more likely to live near good medical care than those who are free of symptoms. In the event the possibility of bias in the radiographs obtained from hospitals reflecting a sicker population was not supported by the data. If anything the prevalence of abnormality suggestive of pneumoconiosis was less rather than more in the hospital than the Perth Chest Clinic radiographs.
In addition, the close agreement between the predicted and actual prevalence of radiographic abnormality in those from whom current radiographs were obtained suggests that the net effects of the biases were roughly the same in the two sets of data and, therefore, probably small.
The prevalence of abnormalities found in the radiographs examined in this study was high and consistent with the degree of exposure to crocidolite of the workforce at Wittenoom. Even with generally short periods of work, 5% of the workforce were exposed to at least 100 f/cc y and 11% of the workforce to at least 50 f/cc y. The threshold dose of asbestos exposure (and particularly crocidolite exposure) necessary to produce parenchymal fibrosis is uncertain. It has been estimated to be as high as 200 f/cc y'5 and as low as 50 f/cc y'6 or even 10 f/ccy.'7 These estimates of risk have been based on cumulative exposure gathered over many years.'8 This is in contrast to the Wittenoom conditions where the average duration of stay was less than four months. The effect of so brief but intense an exposure to crocidolite has not previously been estimated. Among these data there appears to be no "safe dose" as for example among the ten agreed "cases" in the current radiographs total estimated exposure ranged from 1/2 to 120 f/cc y, with three men having total exposures of less than 5 f/cc y
The definite presence of a radiographic abnormality in some subjects with radiographs taken at or before starting work suggests that other dust exposure or smoking may be responsible for some radiographic changes. Smoking has previously been shown to increase the prevalence of abnormal x rays in populations of asbestos workers'9 and may increase the rate of progression of parenchymal asbestos.20 This experience, however, is not universal.2' Information on smoking habits was only available from the recently x rayed men and only as a single ever/never smoked variable. The lack of precision in this variable probably nullifies any attempt to quantify the effect of smoking on radiographic abnormality in this study. The lack of any association of this variable with radiographic abnormality after fitting of the retrospectively estimated risk makes it unlikely that the observed radiographic abnormalities were due to smoking to any substantial degree despite the high smoking prevalence (table 5) .
The degree of interobserver disagreement in this study reflects the difficulties of classifying radiographs with low profusion scores. This level of disagreement is common when the ILO classification is used for grading the degree of parenchymal asbestosis.22 Despite the difficulty of recognising early degrees of parenchymal fibrosis on these plain chest radiographs there is no doubt that a substantial proportion of this workforce have inhaled sufficient amounts of asbestos fibre to produce parenchymal fibrosis. More than 220 subjects with asbestosis have already been compensated from among the workforce of around 7000.'
This study relates only to the finding of radiographic changes of small irregular or small rounded opacities as seen in the ILO classification of the pneumoconioses. These changes are not diagnostic of radiographic asbestosis and not necessarily indicative of clinical asbestosis in the participants. The results clearly show, however, a prevalence of uncompensated radiographic abnormality consistent with pneumoconiosis in at least 16% of former Wittenoom workers that is related to exposure at work and thus must be considered as a likely result of this exposure. A similar experience might be expected in groups of men subject to substantial asbestos exposure who have not been closely followed up.
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